Introduction
Recent studies have implicated altered hepatocyte volume and/or volume regulatory responses in the regulation of hepatic metabolism. Increased hepatocyte volume has been associated with inhibition of hepatic glycogen synthesis, amino acid uptake, urea synthesis from amino acids and protein synthesis [ 11. These studies have, in general, been carried out with preparations in vitro, but there are a few reports of altered hepatocyte volume in vivo. A number of studies have described significant increases in liver mass in vivo in experiments with animal models of sepsis [2] , endotoxaemia [ 3 ] , trauma [4] , chronic inflammation [ S ] or after administration of tumour necrosis factor (TNF)-a [6] . In general, however, the increase in liver mass was peripheral to the focus of these studies and was not pursued further. W e have recently investigated the early increase in liver mass that occurs upon administration of bacterial endotoxin and found a substantial increase in hepatocyte volume in vivo.
One of the effects of bacterial endotoxin in animals is a contraction of the gastric sphincter, such that little or no food passes into the intestine Abbreviations used: i.p., intraperitoneal; TNF, tumour necrosis factor. 'To whom correspondence should be addressed. even though the stomach may be full. Fed animals are not, therefore, a suitable control for endotoxintreated animals. Our studies were performed on rats that were deprived of food and administered either Escherichia coli endotoxin ( 3 mg/kg) or saline by intraperitoneal ( i p ) injection.
Endotoxin increases hepatic mass
Endotoxin treatment resulted in a marked increase in liver mass. Twenty four hours after a single i.p. injection of endotoxin, the liver mass was -23% larger than in the saline-injected fasted controls and, indeed, was not different from that seen in fed animals ( Table 1 ). The increase in liver mass was timeand dose-dependent. A significant increase in hepatic mass was evident as early as 12 h after endotoxin treatment. It was also evident at endotoxin doses as low as 0.3 mg/kg. Most of the increase in mass could be accounted for by a 27% increase in the water content of the liver and there was also a 13% increase in dry mass which may be largely attributed to increased hepatic protein and lipid content. The wet weight:dry weight ratio was significantly increased.
Because many of the metabolic effects of endotoxin are mediated by TNF-a [7] , and because antibodies to TNF-a are known to inhibit liver regeneration after partial hepatectomy [8] , it was of Effect of endotoxin administration on liver mass interest to determine the effect of passive immunization with antiserum to TNF-a on the hepatic response to endotoxin. Administration of TNF-a antiserum 2 h before endotoxin administration prevented the increase in liver mass. In addition, intravenous administration of a single dose of TNF-a (25 pg/250 g body weight) resulted in a 16% increase in liver mass, in agreement with the experiments of Feingold and Grunfeld [6] . Hecause the half-life of TNF-a in blood is very short, it is possible that some regulatory cascade, initiated by TNF-a and possibly involving other cytokines, is immediately responsible for the increase in liver mass.
Endotoxin increases hepatic volume
The large increase in hepatic water content brought about by endotoxin administration ( -35% of the cell number but, being much smaller than hepatocytes, occupy only 6-10% of liver cellular space [9] . The extrahepatocellular space is composed of blood (blood cells and plasma) as well as interstitial space (primarily the space of Disse) and bile canaliculi. We estimated the total liver blood content by assaying for haemoglobin and have used the haematocrit to divide this into erythrocyte volume and plasma volume. The total extracellular volume was determined from experiments in which
[ ''C]insulin was infused until its plasma concentration reached a plateau. The I4C content of the liver is then a measure of hepatic extracellular space.
(Control experiments showed that uptake of insulin into cells was trivial because almost all of the '"C could be readily perfused from the liver.) Subtraction of the plasma space from the extracellular space gives the interstitial space. These data are shown in Table 2 . It is evident that changes in the total extrahepatocellular volume (defined as the sum of plasma volume, interstitial volume and erythrocyte volume) cannot account for the greatly increased liver mass (Table 1 ) seen in endotoxininjected rats compared with the saline controls. Therefore, an increase in hepatocellular volume must underlie the increased liver mass. Such a conclusion is supported by the finding that the total hepatic potassium content was -25% greater in the endotoxin-treated animals than in the saline controls.
Increased hepatocellular volume could be the result of an increase in cell number, an increase in cell volume, or a combination of both. Measurement of DNA' affords a measure of cell number provided that the proportion of multinucleate cells (principally binucleate hepatocytes) does not change.
Analysis of total hepatic DNA revealed a 12% increase (from 25 to 28 mg/liver) 24 h after endotoxin administration. Fasting per se had no effect.
Histological examination revealed no change in the number of binucleate hepatocytes so that about half of the increase in liver mass may be attributable to increased cell number and about half to increased cell volume. It is likely, however, that the increased DNA does not primarily represent increased DNA replication in hepatocytes. The work of Feingold et al.
[lo] on hepatic DNA synthesis after TNF-a administration showed appreciable ["]thymidine incorporation only in non-parenchymal cells, principally Kupffer cells and portal tract cells. As these cells are much smaller than hepatocytes, an increase in their number would contribute much less to total hepatic volume than a comparable increase in hepatocyte number. Thus the contribution of increased hepatocyte volume to the increase in liver mass is likely to be substantial.
It was necessary, therefore, to employ an independent means of determining hepatocyte volume.
Effect of endotoxin administration on extrahepatocellular volume and its components
The data refer to rats of the same weight, 330+20g ( . W e measured the perimeter and trans-sectional areas and calculated the volumes of more than 1000 hepatocytes in livers from the three groups of rats. A summary of the data in Table 3 revealed that hepatocytes from endotoxin-treated animals were indeed significantly larger than those from the saline controls. There was also an appreciable decrease in hepatocyte volume after a 24 h fast.
The mechanism by which the increased hepatocyte volume is brought about is not yet evident. However, it is not caused by some nonspecific swelling brought about by impaired energy metabolism in endotoxemia. This can be concluded from the increased liver potassium content and from our observation of normal levels of adenine nucleotides in freeze-clamped livers. One possibility is that increased hepatic amino acid uptake by sodium-linked transporters may be responsible. Haussinger's experiments have clearly demonstrated that sodium co-transport of amino acids, together with the exchange of sodium for potassium via the Na+/K+-ATPase, can result in hepatocyte enlargement in the isolated perfused liver [ 1,111.
TNF-a greatly increases glucagon's ability to stimulate amino acid uptake [12] . Pacitti et al. [13] have demonstrated increased alanine uptake in hepatic membrane vesicles from endotoxin-treated rats. In addition, blood alanine levels are elevated throughout the experiment. Twenty four hours after endotoxin treatment, the blood alanine content was more than double that in the saline controls, and the hepatic content of amino acids and of alanine were 65% and 270% higher, respectively, than in livers from the saline controls.
Metabolic consequences
The relevance of these observations to metabolic regulation during endotoxemia and sepsis is of interest. Perhaps the most remarkable metabolic alteration in livers of endotoxemic animals is the substantial increase in protein synthesis that occurs, even in fasting rats, together with an increase in the hepatic protein content. This occurs even in the face of marked protein catabolism in muscle [3] 
